Abstract. Estimating the spatial dispersion of pest arthropods is crucial for the development of reliable sampling programs and one of the main components of integrated pest management. The natural spatial distribution of a population of a species may be random, uniform, or aggregated and can be so classifi ed based on calculation of variance to mean relations and related dispersion indices. In this work some classical density-invariant dispersion indices and related regression models are used for the fi rst time to quantify the spatial dispersion of an important peach pest Anarsia lineatella Zeller (Lepidoptera: Gelechiidae) and construct fi xed precision sequential sampling schemes. Taylor's power law, Iwao's patchiness regression and Nachman's model were used to analyse the damage to peaches caused by A. lineatella. All three regression models fi t the data well, although the results indicate that Iwao's patchiness model provides a better description of the relationship between variance and mean density. Taylor's b and Iwao's b regression indices were both signifi cantly smaller than 1, indicating that the distribution of individuals was uniform rather than random or aggregated. According to Green's and Kuno's models, the minimum sample size at the precision level of 0.2 varies from 3 samples, when total population density is more than 3 larvae/sample, to 10 samples, when population density is between 1 and 2 larvae/sample. Kuno's fi xed sampling plan indicates that a small number of samples (i.e., 3-10 branches with fruit) is suffi cient to estimate the mean population density of A. lineatella larvae with a precision of 0.2. The Resampling for validation of sampling plans (RVSP) method confi rmed that the average level of precision of the fi xed sequential plans matched the desired precision in most cases. The sampling plan presented here provides a level understanding of A. lineatella spatial ecology suitable for pest management decisions.
trients or moisture may maximize the distance between individuals and result in a uniform distribution. Random distribution generally occurs when resources and environmental conditions are homogenous and not limited within a habitat. Patchy resources, fi nally, may underlie an aggregated distribution, which is most common in natural environments (Heard & Remer, 1997) , and some agrosystems (Ifoulis & Savopoulou-Soultani, 2006; Hahn et al., 2017) . Southwood (1978) summarised the common methods and related estimates used to describe the spatial arrangement of arthropod pests. Most widespread methods include those based on mean-variance relationships of insect number per sampling unit through time, which provide a fi xed year to year relationship based on the observed sampling mean (Taylor, 1961 (Taylor, , 1984 Iwao, 1968 Iwao, , 1975 Kuno, 1969 Kuno, , 1991 . Other common estimates are based on the correlation between the sample mean and the variance of samDensity-invariant dispersion indices and fi xed precision sequential sampling plans for the peach twig borer Anarsia lineatella (Lepidoptera: Gelechiidae) INTRODUCTION Insect sampling is a basic component in the decision making process in integrated pest management (IPM) and the development of cost-effi cient sampling plans has the potential to increase the adoption of IPM systems by growers and minimize insecticide use. Nevertheless, a prerequisite for developing a sound sampling plan is understanding the spatial distribution of insect populations on crops (Binns & Nyrop, 1992) .
The spatial distribution of a population refl ects its demographic and behavioural responses to environmental drivers including, food conditions, predation risk and other habitat factors (Tscharntke et al., 2002; Vinatier et al., 2011) . Three basic types of spatial distribution of individuals are recognized: uniform (or regular), random and aggregated (or clumped) (Young & Young, 1998) . Intense competition among individuals for resources such as nu-and all the fruit inspected (range: 10 ± 2 fruit). All the fruit on each branch were inspected for the presence of larvae regardless of instar. The total number of peaches and of damaged peaches was recorded for each of the branches sampled. Four branches per block per day were examined for 12 successive days (2 weeks). Thus, for each block there were 48 datasets that were used to estimate the mean and variance for each block, yielding a total of 12 replicates.
Accumulated degree-days were used as a criterion to ensure that the counts made in successive years were done at the same time in terms of the development of the pest. Temperature data were collected using a HOBO data-logging unit (Onset Computer Corporation®). Degree-days (DD) were accumulated from March 1st and calculated assuming a linear response and a minimum base threshold for A. lineatella of 11.4°C. Data were collected daily for ca. 2 weeks, as previously described, before harvest and after the accumulation of 850-950 DD, a period which is 1 to 2 weeks after the peak of the second fl ight of adults (Damos & Savopoulou-Soultani, 2010) . In this particular period, fruit changes colour, damage is easily visible and larvae have not yet left the fruit in order to pupate. In addition, there was no sampling during the period of the fi rst fl ight (overwintering generation) because the fruit is then immature, hard and very small and larvae prefer to feed on the terminal shoots (indicated by shoot fl agging).
Statistical analyses of density-invariant dispersion indices
Density-invariant indices of dispersion usually overcome the limitation of sampling scale since in most cases the size of the sample unit usually has little effect on the exponent of Taylor Power law, which is scale invariant (Taylor, 1984; Jørgensen, 1997) . Three different models and related parameter indices were chosen in order to obtain a consensus on the spatial dispersion of the larvae: (i) Taylor's power law, (ii) Iwao's patchiness regression and (iii) Nachman's model. All indices were estimated for block sizes with a constant sample size as previously described.
(i) Taylor's power law Taylor's power law states that the variance in larval population size (S 2 ) relates to its mean density (m) as:
which translates into a linear relationship on a log-log scale:
in which the index of aggregation b is species specifi c and α is considered as a sampling factor (Taylor et al., 1978) . Index of aggregation indicates a uniform, random, or aggregated dispersion if b < 1, b = 1, and b > 1, respectively.
(ii) Iwao's patchiness regression
Iwao's patchiness regression is defi ned as:
where m ✴ =m+ (
is the mean crowding index (Lloyd, 1967) and S 2 and m are the variance and mean of the population as above. The intercept α is the basic index of dispersion and indicates a uniform, random or aggregated dispersion if α < 1, α = 1, and α < 1, respectively. The slope b is the density coeffi cient that may be interpreted in the same manner as parameter b in Taylor's power law (Bisseleua et al., 2011) .
The Nachman (1981) occupancy-abundance model is included for comparison because it has been traditionally used in agricultural entomology to estimate pest density m from the probability pling units not infested by a pest population (Nachman, 1981 (Nachman, , 1984 . In this case, the presence or absence of insects serves as a basis for estimating the mean population that signifi cantly reduces sampling cost (Bisseleua et al., 2011) . Sequential sampling with a fi xed precision has the advantage of considerably reducing the time and cost of estimating insect density in contrast to conventional sampling, where the sample size is fi xed in advance (Hutchison, 1994) . Thus, in some cases only half the number of observations is required compared to classical sampling (Mace, 1974) .
The peach twig borer, Anarsia lineatella Zeller (Lepidoptera: Gelechiidae), causes serious problems in more than 44 countries that cultivate peaches (Sorenson & Gunnell, 1955; EPPO Global Database, 2018) and is one of the major economic pests of stone fruits worldwide (Balachowsky, 1966; Damos & Savopoulou-Soultani, 2010) . Moreover, among the species that attack stone fruits, A. lineatella is the most serious pest and is therefore considered a key pest requiring the establishment and usage of a an effective control strategy in terms of integrated pest management (IPM). A sound IPM strategy requires the development of decision tools such as sampling programs for determining the action to be taken (i.e., pesticide treatments). Such decision tools are, however, not defi ned for most peach pests including A. lineatella.
The purpose of this work is fi rst to develop density-invariant dispersion indices in order to provide information on the spatial distribution of A. lineatella larvae in a fruit orchard. Then, based on the information derived from the density-invariant dispersion indices, this paper develops and validates sequential sampling plans at fi xed levels of precision to provide peach growers, plant protection advisors and researchers a cost-effective sampling method for the peach twig borer. Compared with fi xed-sample size sampling, the motivation for developing fi xed-precision sequential sampling plans for different levels of precision, is that it can result in a 35 to 50% reduction in sampling effort (Binns, 1994) .
MATERIAL AND METHODS

Fruit orchards
Fieldwork was conducted during three successive growth seasons (2005) (2006) (2007) in four nearby organic fruit orchards of the al.m.me® cooperative (Kouloura Imathias) located in Northern Greece (40.539904°N, 22.310345°E). Each peach orchard, used as an experimental block, was shaped like a parallelogram and separated from other orchards by 10-20 m wide cultivated areas. Each block consisted of about 40 peach trees (industrial candy variety Loadel) planted in a regular rectangular 5 × 5 m grid with 10 rows and 10 columns. The tree height was ca. 2.5-3.5 m, and the trees were ca. 10+ years old. No insecticides were applied to these orchards.
Data acquisition
A 2-year branch, ca 1-2 m above the ground, where most of the fruit occurs, was used as the sampling unit. To have a representative grid of samples in each experimental block data was collected from the second tree in the second row in each experimental block. In total 192 samples were collected in this study, p of fi nding no individuals at a given site (Kuno, 1969; Perry, 1973; Nachman, 1984; Ekbon, 1987; Hepworth & McFarlane, 1992) :
where α is the scale parameter and b is the dispersion parameter. The distribution is random if α = b = 1, with α and b ≠ 1 representing a departure from the Poisson distribution (He & Gaston, 2000) . Tο estimate the parameters, it is convenient to log-transform equation (3a) twice and regress m on p as follows Nyrop & Binns, 1991; Bisseleua et al., 2011) :
In the context of this paper, p is the proportion of fruit within a sampling unit with no damage and A and B are the regression parameters of the linearized model (eq. 3b), which are not equivalent to α and b of the exponential Nachman model (eq. 3a).
Goodness of fi t of the spatial models
Goodness of fi t of the models (1a), (2) and (3b) were assessed using the coeffi cient of determination (Young & Young, 1998) . The signifi cance of the intercepts and slopes of the fi tted regressions were tested using a one sample t-test with a probability level of p = 0.05 (Draper & Smith, 1998) .
Minimum number of samples and plans for fi xed precision sequential sampling
The minimum number of samples necessary for estimating the mean at a given precision is determined by solving Green's model (Green, 1970) :
where n is the number of samples, D the specifi c precision level and a and b are coeffi cients obtained from model (1). The minimum sample size according to Kuno's model uses the parameters of Iwao's patchiness regression (2) based on Lloyd's mean crowding index m* as follows (Naranjo & Hutchison, 1997) :
In fi xed precision sequential sampling continues until a sample path crosses a predetermined stop line of a constant precision level at which point sampling stops (Bins & Nyrop, 1992) . The two most common precision levels developed by Green (1970) and Kuno (1969) were used to quantify the plan for fi xed precision level sampling. The fi xed precision sequential sampling models using Green's (1970) method calculate the sampling stop lines, used as thresholds, from Taylor's power law model as:
where T n is the critical cumulative count over n samples (number of larvae or damaged fruit), a and b are the estimated parameters in model (1a), and D is the desired level of precision (Serra et al., 2013 ).
Kuno's (1969) fi xed-precision sampling algorithm uses the parameters of Iwao's patchiness model (2) based on Lloyd's mean crowding index m*. The sequential sampling model identifi es the critical cumulative count T n over n samples as: , 1997) . In population dynamics studies, a precision level of 0.10 is usually suggested (Southwood, 1978) , while for decision making in pest management a precision level of 0.20 or 0.25 is preferred (Serra et al., 2013 ). In the current survey, three precision levels D = 0.10, 0.15 or 0.20 were chosen to develop plans for sampling that cover most circumstances.
Validation of the plans for the fi xed sequential resampling
The method developed by Naranjo & Hutchinson (1997) for validating sampling plans (RVSP) was used to verify the performance of the fi xed sequential plans. Because this validation depends on the use of separate data sets, 16 independent observations were used for this purpose and were excluded when computing the regression parameters of Taylor's power law and Iwao's patchiness. These counts consisted of data accrued from samples from the same experimental blocks but were selected randomly and not used in estimating the parameter values of models (1a), (2) and (3b). Moreover, because the data set used for validation was relatively small, random resampling with replacement was implemented (Naranjo & Hutchison, 1997) . A minimal number of fi ve samples was used for all the simulations along with the fi xed precision levels of 0.10, 015 or 0.20. Resampling was run 500 times for each data set, which is satisfactory in most cases (Naranjo & Hutchison, 1997) in order to calculate the average, minimum and maximum precision levels, and sample sizes (Serra et al., 2013) . Resampling was done using the RVSP V. 2 excel add-on freely available from the United States Department of Agriculture (Naranjo & Hutchinson, 2016) . 
RESULTS
Variance-to-mean relationships
Variance in population size and probability of occupancy increased with mean population size (Fig. 1 ). Taylor's power law confi rmed a signifi cant (p < 0.001) and positive relationship between variance (S 2 ) and mean density (m) (Fig. 1a) . The overall regression statistics were signifi cant (p < 0.001) ( Table 1 ). In addition, the index of aggregation b was signifi cantly smaller than 1 (p < 0.001), thus confi rming that the distribution of larvae is uniform rather than random or aggregated. Fig. 1b shows the relationships between the Lloyd mean crowding index and mean density of A. lineatella larvae in peaches per sample based on Iwao's regression model (n = 48). The index of basic contagion, or intercept α, was negative for larvae according to Iwao's patchiness regression (p < 0.001) ( Table 1 ). The density contagiousness coeffi cient estimate, b, was signifi cantly larger than zero (p < 0.001) but lower than unity, hinting once again that the distribution of the larvae may be characterized as uniform. Nachman's model provided a good fi t (p < 0.05) to the relationship between the percentage of samples that were not attacked by A. lineatella larvae (p) and the mean density m of A. linetella (Fig. 1c) . The nonlinear regression procedure yielded parameter values that were quite similar to those predicted by Taylor's power law model (Table 1) . Using these parameters, one can assess the mean density from the fraction of samples (branches with fruit) with or without A. lineatella larvae. The coeffi cient of determination (R 2 ) between Taylor's and Iwao's model and the overall results thus indicated a uniform dispersion of larvae.
Minimum sampling
Minimum sample sizes (MSS) decreased with A. lineatella larval density and the required precision level (Fig.  2) . For example, according to Green's model (Fig. 2) , at a precision level of D = 0.20, which is close to that recommended for use in pest management programs involving larvae, MSS varied from a minimum of 3 samples when total population density was more than 3 larvae/sample to 10 samples when population density was between 1 and 2 larvae/sample. To achieve a conservative precision level of D = 0.10, proposed for studies on population dynamics, 12 samples were needed as a minimum when the mean density of A. lineatella is more than 2 larvae/sample. Similar results were predicted by Kuno's model (Fig. 2) since in most cases MSS was only slightly higher than that predicted by Green's model.
Sequential sampling
The cumulative number of fruit damaged by larvae of A. lineatella T n also increased with the size of the sample (2-year old branch with fruit) and desired precision level (Fig. 3) . For example, the cumulative number of fruit with larvae, according to Green's sequential plan, varied from 9 when the sample size is 1, to 17 when the sample size is close to 45 and at the desired precision level of D = 0.20 suggested for pest management (Fig. 3a) . To achieve the higher precision level of D = 0.10, the sample size needs to be increased from 1 to 2 for a cumulative number of fruit damaged by larvae of A. lineatella equal to 25, to a sample size of 60 for a cumulative number of fruit damaged close to 50, respectively. Fig. 3b presents the critical levels according to Kuno's fi xed sampling plan generated from the parameters obtained from Iwao's regression. At the precision levels of D = 0.15 and D = 0.20, when the sample size is increased from 0 to 20, the cumulative number of fruit damaged by A. lineatella increases rapidly from 4 to 40 and remains quite constant afterwards as shown by a horizontal trend. At the precision level of D = 0.10, which is the most conservative, the relation between optimal sample size and cumulative number of fruit with larvae shows similar tendencies for a sample size close to 10 to that predicted at the two other levels of precision, but the cumulative number of fruit with larvae increases considerably at even higher levels. Table 1 . Parameter estimates (95% CI in parentheses) and goodness of fi t measures of the three models linking mean population density of larvae of A. lineatella to population variance [models (1a) and (2b)] and probability of patch occupancy [model (3)], SSE: sum of square error, R 2 -R square, Adj. R 2 -adjusted R square, RMSE -root mean square error. 
Validation of sampling plans
Resampling analysis for the prefi xed levels of precision D = 0.10, 0.15 and 0.20 are shown in Fig. 4 . The summarized outputs show the size of the sample as a function of the mean density of fruit with A. lineatella larvae and include the mean, as well as the maximum and minimum values for a certain precision. The means are estimated after resampling 500 times with replacement using all the sample sizes used for validation and all population densities. According to the results, the mean precision value (represented by square symbols) is closer to the desired level, but the extreme values of precision (shown as dashed lines) can be higher or lower between any one of the sample points. As expected, the sample size decreased quickly with mean density of fruit with A. lineatella larvae/sample at each precision level. However, variability among samples decreased with mean density. In addition, a larger sample is required for computing the mean density at a higher precision. In all cases, both Green's and Kuno's plan generated similar levels of precision ( Table 2 ). The actual mean precision was in most cases close to that specifi ed in the sample plan, and the extreme values were reasonable.
DISCUSSION
Identifying what type of spatial distribution a pest of fruit has is important for developing appropriate plans for sampling for IPM. Variance-to-mean relations provide fundamental information about the spatial distribution of a species and are further used as parameters in models that indicate statistically valid plans for sampling, which provide effi cient means of assessing whether economic levels of insect pests are present (Pedigo & Buntin, 1994) .
In particular Taylor and lwao relationships are extremely useful because they indicate that the variances for estimated means and their parameters are density-invariant, i.e. they are characterized by arithmetic stability over time and space (Pedigo & Buntin, 1994) . However, there are cases where the index, b, may not be consistent from site to site across a continent, or it may depend on pesticide use (Trumple et al., 1989; Pedigo & Buntin, 1994) . Nevertheless, the parameters of these models provide fundamental information on the spatial distributions of pests and are critically important for the development of sampling procedures (Teylor et al., 1988; Pedigo & Buntin, 1994) .
This study of the spatial distribution of peaches damaged by A. lineatella in the fi eld using density-invariant dispersion indices provides, for the fi rst time, a cost-effective method of sampling that could be added by plant protection authorities and peach growers to existing IPM programs. Currently, there are no plans for sampling available to plant protection advisors and growers for estimating the damage done to peaches by A. lineatella and management actions are often based on preventive measures such as spraying based on shoot fl agging and/or numbers of fi rst generation moths captured. 
Variance to mean dispersion indices
All three commonly used variance-to-mean relationships fi t the data well. However, the overall performance of Iwao's model was slightly better than that of Nachman and Taylor's regression models. The results indicate a uniform or close to random, rather than aggregated, larval distribution. This agrees with previous geostatistical studies that show very low spatial autocorrelations (Damos, 2017) . The uniform or random spatial distribution of damaged fruit may be explained by a uniform spatial arrangement of orchards and samples of fruit, and females may have the same probability of fi nding suitable oviposition space in experimental orchards, although the role of other factors should not be excluded (Damos, 2017) .
Plans for fi xed precision sequential sampling
Critical thresholds are determined by the value of the aggregation parameter b in Taylor's regression model. A. lineatella larvae were found to be uniformly distributed (b < 1) rather than aggregated (b > 1) as in other species. Critical thresholds for the optimal sample size based on Kuno's sampling plan indicated a small number of sampling units can estimate the mean population density of A. lineatella larvae with a precision of 20%. Moreover, those based on Green's and Kuno's models indicated that, as sample size increases from 0 to 20, the cumulative number of larvae also increases towards an asymptote. This is the opposite of what generally occurs (e.g., Lee et al., 2005; Cocco et al., 2015) , but the results are in agreement with those for another species of Gelechiidae, Phthorimaea operculella (Shabi & Rajabpour, 2017 ). Green's and Kuno's methods generated very similar mean sample sizes for all three chosen levels of sampling precision although a slight advantage of Green's sequential plan for fi eld application may be related to the smaller sample size needed to achieve the threshold.
Validation of sequential sampling plans
The validation of the sampling plan protocol following Naranjo & Hutchison (1997) showed that sequential sampling plans can be fairly reliable even though the independent dataset used for validation was relatively small. Similar fi xed precision sequential sampling plans have been established and evaluated for other insect species, including different stages of whitefl ies infesting sweet potato and cotton (Naranjo & Flint, 1995) 
Concluding remarks
The suggested plans for sampling may be considered for use in peach orchards as it provides plant protection advisors and researchers with a proper decision tool for quantifying the spatial distribution of the peach twig borer. But a wider implementation of the currently proposed plans for sampling requires further research on A. lineatella host preference as well as inter and intraspecies competition and how it may affect its spatial distribution. Moreover, the current plans were developed and validated with a limited dataset and should thus be validated with new data and implemented over broader ranges and in new areas with different agronomic and environmental characteristics. Nevertheless, both the sampling plans presented may have utility per se as they performed equally well and provided a basic mean for implementing pest management programs that will facilitate the estimating of the density of larvae of A. lineatella and decision-making.
In conclusion, the current work provides fi xed sampling plans that can be used to balance the cost of sampling programs for monitoring the damage of A. lineatella with the benefi t of reducing infestations and increasing profi ts. Considering that A. lineatella is the most important pest in peach growing areas, improved knowledge of its spatial distribution on trees coupled with the plans for sequential sampling provides a foundation for more selective and effi cient pest management.
